For patients with T2 glottic cancer, conservative surgery, radiation therapy (RT) or a combination of both are considered standard therapy. The choice of treatment is based on the physician's experience, hospital policy and patient willingness. In most centers however, RT is the initial treatment prescribed for T2 glottic lesions, with surgery reserved for salvage after RT failure. Although hemilaryngectomy or cordectomy produce comparable cure rates for selected T2 vocal cord lesions, RT is generally preferred: the major advantage of RT cover partial laryngectomy is better posttreatment voice quality \[[@CR9]--[@CR11]\].

The TNM disease stage is useful for surgeons, but not necessarily for radiation oncologists. The essential effect of radiation is cell killing. The degree of cell killing to be achieved depends on the initial number of cancer cells and dose fractionation planning should thus be tailored to this parameter. The T stage according to the Union for International Cancer Control (UICC) TNM classification system may not correlate with RT outcome if the same total dose is delivered to a given stage of cancer: different tumors of the same stage can differ significantly in terms of the initial number of cancer cells \[[@CR1], [@CR3]\]. It seems that for many tumors, particularly in the head and neck region, volumetric staging might be a more precise numerical parameter than TNM. At least for head and neck cancer, a number of authors have found a significant correlation between initial tumor volume (TV) and local tumor control (LTC) after RT \[[@CR2], [@CR4]--[@CR7]\]. However, the majority of available data represent heterogeneous groups of patients, mostly in advanced stages of disease, with a relatively wide range of TVs. Among laryngeal tumors, the T2 stage of glottic cancer refers to infiltration of the larynx and impaired vocal cord mobility, irrespective of the wide spectrum of TVs. Therefore, the present study aims to analyze the impact of variation in initial TV on RT outcome in T2 glottic cancer.

Materials and methods {#Sec1}
=====================

Patient characteristics {#Sec2}
-----------------------

The study included 115 previously untreated consecutive patients with T2N0M0 glottic cancer who were treated with RT alone between 2002 and 2009. There were 104 men (91 %) and 11 women (9 %); age 40--80 years (mean 61 years). The clinical diagnosis of T2 glottic cancer was based on CT examination supplemented with information concerning tumor spread or superficial infiltration, as obtained upon endoscopic laryngeal examination. Neither positron-emission tomography (PET) nor MRI was routinely performed. Extension of the tumor into supraglottic regions was found in all cases. Impaired vocal cord mobility was not observed in isolation. In terms of histopathology, there were 24 (21 %) and 45 (39 %) well (G1) and poorly (G2, G3) differentiated tumors, respectively; in 46 patients (40 %), no data on this was available. Human papillomavirus (HPV) status was not examined in this group of patients.

In all cases, the primary TV was contoured on contrast-enhanced CT scans (3 mm slices). TV (cm^3^) was calculated using the volume algorithm of the Eclipse Treatment Planning System (Varian Medical Systems, Palo Alto, CA, USA). TV ranged from 0.16 to 17 cm^3^ (tumor diameter: 0.34--3.2 cm). Median hemoglobin concentrations before (Hb0) and after RT (Hb1) were 14.8 and 13.9 g/dl, respectively. An additional parameter representing the individual difference between Hb1 and Hb0, ΔHb, was also calculated. The median ΔHb was − 1.2 g/dl, (range − 4.6--1.1 g/dl). Hemoglobin concentration was not corrected in any way, neither before nor during RT.

Treatment {#Sec3}
---------

All patients were treated using the three-dimensional intensity-modulated RT (3D IMRT) technique. The planning target volume (PTV) corresponded to treatment of the primary tumor with a minimum margin of 1 cm, to compensate for laryngeal motion. The high-dose clinical target volume (CTV) involved the majority of the larynx and involved nodes with a 1 cm margin. Remaining nodal levels were encompassed in the elective-dose CTV.

Total fractionated dose ranged from 45 to 74 Gy, given within an overall treatment time (OTT) ranging from 28 to 57 days. Because the dose per fraction ranged between 1.8 and 3 Gy, total dose was recalculated as the normalized total dose (NTD) if given in 2.0-Gy fractions (Gy~2~) using a linear-quadratic model (with an α/b value of 10.0 Gy).

End points and statistics {#Sec4}
-------------------------

The follow-up was at least 3 years. Cases lost from observation were censored. LTC was scored if there was no evidence of disease during at least 3 years. Local failure was defined either as persistent tumor (PT) at the completion of the RT or as local recurrence (LR) if disease reoccurred during follow-up after complete tumor clearance at the end of RT. Actuarial disease-free (DFS) and overall (OS) survival were calculated using the Kaplan--Meier statistic and the differences were assessed by the log-rank test. Raw data were used to analyze the relationship between NTD, TV and tumor cure probability (TCP). To evaluate the impact of TV and other clinical and treatment parameters (age, symptom duration, NTD, OTT, ΔHb) on treatment outcome (i.e. TCP), univariate analysis was first used. Variables which reached significance in this first step were then analyzed by multivariate Cox regression. A p-value of 0.05 was accepted as the level of significance.

Results {#Sec5}
=======

Overall 3-year LTC was 71 %. There were 19 instances of PT (17 %) after RT and 14 cases of LR (12 %).

Relationship between TV and LTC {#Sec6}
-------------------------------

Data were subdivided into six groups (A--F), depending on TV. LTC rates and the incidence of failure in relation to initial TV are shown in Table 1. A strong and significant correlation of LTC with initial TV was observed. A sixfold increase in initial TV (on average from 0.5 to 3 cm^3^) translated into a decrease in LTC of about 30 % (from 89 to 57 %; Fig. 1). The significant correlation of TV with LTC was apparent when these were treated both as continuous and as categorized variables. A decrease in TV from about 17.1 to 0.5 cm^3^ leads to a threefold increase in LTC (from 25 to 84 %). Similarly, for tumors with TV \> 1.6 cm^3^, the risk of local failure was almost four times higher than for the TV ≤ 0.5 cm^3^ (Table 2).

Fig. 1Measured 3-year local tumor control (LTC) of T2 glottic cancer as a function of tumor volume (*TV*). *Circles* are proportional to the number of cases, *squares* represent each of two-subgroups)

Table 1Dependence of local tumor control (LTC) on initial tumor volume (TV) in T2 glottic cancerTV groupNo. casesTV (cm^3^)Diameter (cm)FailureLTC3-year LTCPTLRA9 ≤ 0.28 ≤ 0.81--889 %B320.29--0.70.81--1.1--52784 %C330.71--1.761.11--1.5342678 %D211.77--3.61.51--1.9721257 %E121.61--8.21.91--2.541758 %F88.21--17.12.51--3.242225 %Intergroup comparisonsTV groupsP-value(A + B) vs. (C + D)0.05(C + D) vs. (E + F)\< 0.05(A + B) vs. (E + F)\< 0.005*PT* persistent tumor, *LR* local recurrence

Table 2Local failure hazard ratio in relation to tumor volumeTV (cm^3^)HR95 % CI*P*-value≤ 0.51----\> 0.5-- ≤ 11.190.26--4.540.8\> 1-- ≤ 1.61.770.39--8.090.4\> 1.63.931.06--14.540.03*HR* hazard ratio, *CI* confidence intervals, *TV* tumor volume

Among the factors and parameters analyzed using the multivariate Cox model, ΔHb and TV were found to be significant independent risk features for local failure. An increase in ΔHb of 1 g/dl during the course of RT decreased the risk of local failure by 36 %. Independent of other factors, tumors with a TV larger than 1.6 cm^3^ had a significantly (threefold) higher risk of local failure than smaller tumors (Table 3).

Table 3Results of multivariate analysis in terms of local failure hazard ratioVariableHR95 %CI*P*-valueAge1.030.96--1.100.3ΔHb0.640.40--1.020.05TV (\> 1.6 cm^3^)3.211.07--9.630.03*HR* hazard ratio, *CI* confidence intervals, *ΔHb* difference in hemoglobin concentrations before and after radiotherapy,*TV* tumor volume

Radiobiological rationale and the TV--NTD--LTC relationship {#Sec7}
-----------------------------------------------------------

Actuarial DFS as a function of TV is illustrated by the Kaplan--Meier plot shown in Fig. 2. Raw data points for 3-year LTC, PT and LR are plotted within the coordinates of initial TV and NTD in Fig. 3. Except for 9 cases, NTD data points are distributed within a relatively narrow range of 65--73 Gy.

Fig. 2Actuarial disease-free survival (DFS) as a function of initial tumor volume (TV). Significant differences between groups A + B (*blue solid line*), C + D (*red dashed line*) and D + E (*green dotted line*)

Fig. 3Theoretical iso-NTD~85~ curve (*black line*) according to tumor dimensions. *LTC* local tumor control

The effective D~0~ (~eff~D~0~) is the dose which reduces cell survival by one natural logarithm (e^−1^) for a particular fractionation regimen. For analysis of clinical data it is more useful to replace~eff~D~0~ with D~10~, which is the dose that reduces survival by one common logarithm. An ~eff~D~0~ of 2.8 Gy was selected (acceptable average value for small head and neck squamous cell tumors), which corresponds to a D~10~ of 6.5 Gy \[[@CR7]\]. For tumors 0.5 cm in diameter (10^9^ cells), an NTD of 65 Gy~2.0~ translates into a TCP of about 85--90 %. If the number of tumor cells increases by one order of magnitude to 10^10^ (5 cm^3^), then a similarly effective NTD should be 71.5 Gy. Based on these assumptions, a theoretical iso-NTD~85~ (NTD required to give a 3-year LTC of 85 %) curve has been plotted (Fig. 3). At first glance, the iso-curve does not clearly separate control cases from failures because total doses were designed based on T stage, not on TV. However, it fits to the data set quite well. For small tumors (≤ 0.5 cm^3^) the NTD of 65 Gy~2.0~ gives a 3-year TCP of about 84 % (10/12) and for tumors with a tenfold larger volume (and with the cell number increased by one order of magnitude) the TCP is around 100 % if the NTD increases to 71.5 Gy~2.0~. Using the curve shown in Fig. 3, [3](#Fig3){ref-type="fig"}-year LTC rates were calculated in relation to a given NTD (Table 4). The NTD of 67 ± 2 Gy~2.0~ gave rise to a calculated 93 % 3-year LTC for very small tumors (tumor cell number ≤ 10^9^), which decreases significantly (*p* \< 0.0001) to 33 % for 2--2.5 cm tumors and even further to 14 % for tumors larger than 3 cm. At an NTD of 72 ± 2 Gy~2.0~, the 3-year LTC was 100 % for both small and larger tumors.

Table 4Calculated 3-year local tumor control (LTC) of T2N0M0 glottic cancer related to tumor volume (TV), i.e. no. cells, diameter and total NTDNo. tumor cells/diameter3-year local tumor control67 ± 2 Gy~2.0~72 ± 2 Gy~2.0~≤ 10^9^ ( ≤ 1 cm)93 % (13/14)100 % (3/3)10^9.8^--10^10.1^ (2--2.5 cm)33 % (5/15)100 % (9/9)10^10.1^--10^10.6^ (3--5 cm)14 % (1/7)100 % (3/3)

Discussion {#Sec8}
==========

The fundamental goal of radical (not palliative) RT is to kill the last surviving cancer cell: if a single cell survives, local failure can likely be expected and the entire dose would have been "wasted". Logically, the total dose and its fractionation should be tailored to the initial number of tumor cells, which more strongly correlates with TV than with tumor diameter or T stage. If tumor diameter doubles (e.g. 1--2 or 2--4 cm), TV increases eightfold and the cell number increases by about one order of magnitude. The design of dose fractionation schemes for individual patients depends on the clinical and, ever increasingly, on the molecular profile of the tumor, although TNM stage still plays major role. However, there is a relatively large variation in TV within a given T stage (N0M0) and it seems illogical to prescribe the same total dose to all tumors within a single T category.

The present study comprises a clinically homogenous group of 115 T2N0M0 glottic cancers and demonstrates a significant correlation between 3-year LTC and initial TV. An increase in TV from about 0.3 to 17 cm^3^ resulted in a decrease in 3-year LTC from 89 to 25 % (Fig. 1). Moreover, for patients with a TV of 1.6 cm^3^, the risk of local failure was four times higher than for those with a TV of 0.5 cm^3^. TV has been identified as a significant independent predictor for treatment outcome (Tables 2 and 3). This relationship also has a significant impact on 3-year DFS, which was significantly lower (about twofold) for larger tumors than for smaller ones. The prognostic impact of both TV and hemoglobin concentration on the outcome of patients with head and neck cancer was reported by Rudat et al. \[[@CR12]\] in 68 patients with advanced tumors treated with chemoradiotherapy. The significant influence of Hb0 and Hb1 concentrations on RT outcome for patients with T2 glottic and epiglottic tumors had been also reported previously; furthermore, a significant negative correlation between Hb0, Hb1 and TV was noticed in this group of patients \[[@CR13]\]. The correlation between TV and treatment outcome after RT has also been documented by other authors: Lo et al. \[[@CR6]\] noted a significantly higher risk of local failure in T2 glottic cancer for TV greater than 4 cm^3^ (\~ 2 cm in diameter). Kraas et al. \[[@CR4]\]) chose their cutoff TV at 6 cm^3^ and measured the 2-year LTC for smaller tumors at 67 % compared with 43 % for larger ones (*p* = 0.07). For the same cutoff TV, Mancusco et al. \[[@CR7]\] noted LTC rates of 83 and 46 % for smaller vs. larger tumors, respectively. A study by Hamilton et al. \[[@CR2]\] focused on small glottic tumors showed 88 % vs. 31 % LTC rate for glottic tumors with TV smaller and larger than 1 cm^3^ (1.2 cm in diameter), respectively. However, the latter analysis consisted of only 50 cases. The results cited above correspond to those of the present study. The major difference is that other authors have used arbitrary TV cut off levels, whereas in the present study, the TV has been analyzed as a continuous variable. Using TV cutoffs we noted a 3-year LTC of 85 % for TV ≤ 0.7 cm^3^, 70 % for TV of 0.7--3.6 cm^3^ and 45 % for TV of 3.6--17 cm^3^.

All these studies require very careful interpretation, since the dose fractionation for individual patients was likely designed mainly on the basis of T category, with TV not being considered as an important pretreatment determinant (at least not in the way presented here).

On the other hand, for relatively small T2N0M0 glottic tumors it is hard to believe that hypoxia and repopulation may have important impact on the response to a given NTD. If the NTD is more or less constant, the difference in the initial number of tumor cells (various TV) may be a predominant factor. The wide spread of individual NTD data points within each of the TV compartments is shown in Fig. 3. This demonstrates that total doses were not designed according to initial TV, but were likely intuitively larger for small but infiltrating tumors. For an NTD of 65 Gy~2.0~, failures were observed for tumors with TV \> 4 cm^3^; whereas for 67 Gy~2.0~, all tumors with TV ≤ 8 cm^3^ were locally controlled. Despite some uncertainties, the volume--dose--response relationship fits radiobiological rationale. The theoretical iso-curve in Fig. 3 fits to the analyzed data set quite well. An NTD of 67 ± 2 Gy~2.0~ produced a 3-year LTC of 93 % for small T2 glottic cancer with a TV of 0.5 cm^3^ (1 cm in diameter) or less. For larger tumors with a TV of ≥ 5 cm^3^ (≥ 10^9.8^ cells), the 3-year LTC was significantly (*p* \< 0.0001) lower at 33 %. Delivery of an NTD of 72 ± 2 Gy~2.0~ gave rise to 100 % 3-year LTC, independent of tumor volume. Therefore it seems reasonable to postulate that for T2N0M0 glottic cancer, a tenfold increase in TV (increase in the number of tumor cells of about one order of magnitude) needs an extra dose of about 6.5 Gy to achieve similarly high 3-year LTC.

Volumetric staging quantified by measurement and calculation of TV will not replace TNM staging, but it can be a valuable numerical supplement for designing optimal dose fractionation planning for individual patients.

Conclusion {#Sec9}
==========

Despite some limitations, the present study clearly documents the significant impact of initial TV on the RT response of T2N0M0 glottic cancers. Although the size of the total dose was not designed in relation to TV, a significant volume--dose--response relationship was noted. The TV measurements do not replace TNM categories, but could provide a valuable numerical supplement for the design of optimal dose fractionation schemes for individual patients.
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Appendix {#Sec11}
========

Poissone statistics correlate tumor control probability (TCP) with cell survival rate as follows:
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$ {\rm{TCP = }}{{\rm{e}}^{ - x}} = {{\rm{e}}^{ - {\rm{(IC}} \cdot {\rm{SF)}}}}, $
\end{document}$$

Where x is the average number of surviving cancer cells per tumor, which results from multiplication of initial cell number (IC) by the surviving fraction (SF).

Simple relationship between SF and a given total dose formula:
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Where ~eff~D~0~ reduces survival rate to e^−1^

For analysis of clinical data is more useful to replace ~eff~D~0~ by D~10~, which reduces SF by one order of magnitude and it equals:
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Example: if IC = 10^9^ cancer cells (0.5 cm^3^ tumor) than TD = 10 x D~10~ is needed to achieve x = 0.1, which gives TCP = 90 %.
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